This paper describes the design and implementation of a vertical degree of freedom suspension system which provides a constant force off-load condition to counter gravity over large displacements. By accommodating motions up to one meter for structures weighing up to 100 pounds, the system is useful for experiments which simulate the on-orbit deployment of spacecraft components.
INTRODUCTION
Orbital missions are always preceded by ground testing to validate the mechanics of spacecraft structures. A variety of devices and apparatus are used to model some aspect of the orbital environment so as to improve the accuracy of the ground test.
These simulations often model orbital temperature, radiation, vacuum level, and gravity. This research focuses on a method for simulating a structure's response to an orbital gravity environment. Experimentally, this is accomplished by producing a constant force gravity off-load using a mechanical suspension system in a l-g laboratory.
To simulate the unrestrained motion that occurs on orbit, a suspension system must exactly support the weight of the structure throughout the entire region of motion while introducing no extraneous constraint forces on the test article. True free-free boundary conditions are not achieved however, because gravity loading creates sagging and stresses due to the weight of the structure. This loading can be minimized by support the structure at a number locations. This paper describes a single point off-load system which can be used singularly or in conjunction with numerous systems to allow terrestrial simulations of spacecraft docking, deployment, or assembly [ 1] . The system allows for motions up to I meter for test articles weighing up to 100
pounds. This paper describes the implementation and verification of the first generation hardware, support equipment, and controller of the suspension system. The design utilizes a passive mechanism to statically off-load the test article weight and an electromotive actuated force control feedback loop to offset the passive inertia and friction.
Current off-loading techniques range from the very simple to the complex. The ensuing examination of these techniques will describe the more simplistic techniques in brief and then delineate the design of two passive and one active suspension system.
Simple techniques include very long cables, air bearings, and counterweights. Long cables have low pendulum stiffness which provides near zero constraining forces in a horizontal plane. The use of a static cable however eliminates vertical motion except in the case of very soft cords. This type of support is adequate for small ranges of motion (one to two inches) on high frequency structures (10 Hz or greater). Beyond this, the length of cable needed to reduce stiffness is prohibitive for most facilities [2] . The overhead clearance requirement can be reduced by changing from a linear spring element to a rotational spring which requires much less operating room [3] . Airbearing surfaces and tracks provide another method of producing simulated free-free motion in a horizontal plane. This method can be used in conjunction with a vertical degree of freedom system to remove constraints in three dimensions. Spherical air bearings also exist which provide rotational degrees of freedom through Methods also exist which utilize active compensation in offloading a test structure. These include a system which utilizes a torsional spring to support a test article around an equilibrium position [3] . A motor using position feedback provides negative stiffness to compensate for the springs changing torque as the test article deflects. The control system was designed with a friction compensator.
The concept can be extended to three dimensions using three suspension devices positioned at the vertices of an inverted tripod and connect to the test article via three cables which attach to a single point. Tests off-loaded a 52 Ibm tip mass on a 41 inch cantilever beam through an 18 inch range of motion.
The motor was found to be effective in reducing suspension system damping. Problems included electronic noise associated with the motor controllers and friction in the system.
From the above mentioned experiences
and results published in other literature, [2, 5] a number of guidelines were developed for this research. These goals were designed to ensure an accurate representation of the structures on-orbit mechanics.
Consider first the suspension system mass which affects the rigid body modes of the test article. A target for the suspension system equivalent mass was established as 5-10% of the test article mass. It is also important that the vibration frequencies of the suspension system be well separated from the fundamental modes of the test structure. Failure to achieve this requirement may cause modal coupling between the structure and the suspension system, which can cause a frequency shift or change in the mode shapes of the structure. Prior work indicates that suspension modes should be no greater than one-fifth of the supported structures fundamental mode. System friction can also limit the fidelity of a simulation by inhibiting performance in two ways;
increased damping in modes of the suspended structure and a reduction in rigid body acceleration. The active system provides precise user specified performance control through feedback and is capable of compensating for passive system inertia, stiffness, and friction. Additionally, the passive system, which is inherently stable, provides a safety mechanism in the event of active system failure.
The ZSRM consists of a torsional spring and a non-circular disk which link to the test article via a cable which wraps around the disk. This passive off-load acts in parallel to the active force delivered by a DC serve motor whose shaft is linked to the disk.
A load cell in the support cable provides force feedback to a Proportional Integral Derivative (PID) controller. The system design is shown in Figure I . The disk is mounted to a shaft which is directly linked to the drive shaft of the motor. The same shaft supports the spring mandrel.
All of this hardware, as well as the wtre guide, issupported by a housing [ Figure  6 ] which is hard mounted to the floor. A 1/16" aircraft cable wraps around disk and passes over a small low friction bearing which act as a cable guide. The cable then passes through two overhead pulleys affixed to the ceiling and down to the fixture point on the test structure.
The passive system has the effect of adding the equivalent of approximately 3 Ibm to the test article from all components including the load cell, aircraft cable, disk inertia, spring inertia.
Breakaway friction for the system is highly dependent on the del]ection of the spring indicating that spring binding is still a problem. At some rotations the friction is as high as 1 Ibm.
Figure 6: Photo of the passive off-load system in its housing

Active System
The active system [ Figure 7 ] is driven by force feedback from a load cell in the cable path near the test article. Accurate gravity off-loading requires that the cable tension equal the weight of the structure.
Any input force on the test article will cause the cable tension to deviate from this value and create an error signal. The controller reacts to the error signal and commands the servo motor to respond such that the acceleration of the test article returns the cable tension to the test article weight.
Control actuation is achieved via a brushed DC servo motor and a switching servo amplifier.
The characteristics for the motor and amplifier chosen are shown in 
where X(n), is the load cell error at each discrete time 
RIGID BODY EXPERIMENTATION
A number of tests were performed to determine its effectiveness in off-loading gravity for rigid body elements. Initial tests determined the best controller configuration and then simulations were performed with various levels and types of input forces.
Test Articles
All of the rigid body tests were performed using a lumped mass test article. This ensured that any observed low frequency modes were from the suspension system. For the passive-plusactive system a 38.9 Ibm solid steel cylinder 5.5 inches in diameter and 5.75 inches tall was used. An eyebolt was tapped into one end to provide an attachment to a hook which extended from the bottom of the load cell.
In out Force TyDes
Tests performed with the lumped mass utilized two types of input forces. The first was a "virtual" force which cau:,es the controller to act as ifa force has been applied to the test article.
To achieve this a small perturbation is added to the load cell signal inside the controller. When this new signal is compared to the initial load cell reading of the test article weight an error signal is produced and sent to the PID controller. In this way any input force can be synthesized. This type of loading was used during controller configuration to avoid the random aspect of a physically applied load. The repeatability provided a very reliable method of comparing system response for varying controller settings.
Real input forces were used to compare the suspended test article's theoretical on-orbit and measured response to an input force. Constant force tests were performed by initializing the controller with the base test article weight and then, with the controller on, placing additional mass on the test article. The additional weight creates a downward force on the test article causing both test article and additional mass to accelerate.
As mentioned previously, this type of force input is subject to random errors introduced as transient impact forces and experimenter disturbances.
Although the net input force of these inputs is small, they also have an effect through the moments they induce. Any off-center forces create a moment which tends to cause the test article to swing, exciting some of the suspension modes.
Controller Tuning
A number of tests were necessary to optimize the PID control gains and the load cell error dead band level to produce the best simulation of on-orbit dynamics. Specifically each type of gain.
proportional, derivative, and integral were tested for system response characteristics.
The final scheme utilizes integration only feedback. It is the only feedback mechanism that is capable of compensating for the friction in the passive mechanism. Results with integration gain are presented first and with a brief discussion other gains following. Figure 8 shows a typical response to a constant force with integration gain only. At time 0, the constant input force is applied and creates an error in the load cell reading. Test article motion
has not yet started because of friction in the passive system From 0 to 0.5 seconds the controller integrates the error and produces and increasing output voltage.
At 0.50 seconds, the controller output commands the motor torque to a level which compensates for the friction. The resulting test article acceleration reduces the load cell error to a near zero average. Because the errors are small, the control output remains at a near constant level for the remainder of the test.
The resulting motion of the test article is also shown. From 0 to 0.5 seconds little motion occurs.
At 0.5 seconds the active system has completely compensated for the passive friction and a constant force produces a nearly constant acceleration. The test article position was calculated from the motor encoder data.
A low pass filter was used to remove any high frequency content after which the signal was differentiated to get velocity. An ap- themselves, proportional and derivative gain cannot compensate for the system friction.
However, as indicated by the results of the above test results, integration control only may not be the optimum controller for the system. Utilizing proportional and derivative gain may help solve the problems by providing a more rapid response as a disturbance is initiated thereby reducing integration lag. Future work aimed at a full PID controller or perhaps some other controller scheme could reduce lag and provide a more stable response.
The dead band in the controller is used to reduce or eliminate the drift problem. Measurements of integration drift were taken with dead band set to 0.00, 0.01 and 0.02 Ibf [ Figure 10 ]. Without a dead band all of the system noise passes to the integrator and integration drill is very significant. The 0.01 Ibfdead band allows a small amount of noise but greatly reduces the output drift. With a dead band of 0.02 lbf, the noise is almost completely filtered out producing a very small integration drift. Although a large dead band produces a small drift, other factors must be considered.
The system can not respond to any force smaller than the dead band level, thereby reducing the system sensitivity. The optimum dead band is the smallest level which reduces the integration level to an acceptable value for the experiment being conducted. For instance, drift will be more important in a slow deployment experiment during which the error will have a long period of time to grow and effect the test article motion. 
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DISCUSSION
Summary of Current Capabilities
As presented, two major types of testing were performed with the one dimensional suspension system: rigid body acceleration and modal response of a suspended test article. While the passive-only system has a friction level of 1.25 Ibf, active force feedback compensation is able to reduce this by an order of magnitude to 0. I lbf. Simulations involving rigid body accelerations can be expected to be within 10% of the values achieved on orbit.
The best perlormance was achieved using integral only feedback with a dead band of 0.01 lbf.
Integration lag was a problem identified with the integration only controller.
Raising the control gain reduces the lag but also results in destabilization of the 27 Hz suspension mode. These two factors must be considered during controller configuration and result in some limitations of the suspension system. The lag can prohibit effective off-loading in experiments involving rapidly changing inputs. Nevertheless, the system can be useful in vertical deployment experiments and also vertical rigid body translation tests.
The results of the modal survey suggest that any attempt to examine test structure frequencies within the bandwidth of the controller will produce a highly damped response. For tests which involve structures with higher frequency modes, the resuits are within a few percent of the measured unrestrained values.
Recommendations for Future Systems
The three most critical problems identified in the currently implemented system are the integration lag, the passive subsystem friction, and the presence of the 27 Hz suspension mode. Refinements in the controller and the passive system could reduce or eliminate these problems. Suggestions for improvements in these areas follow.
Further testing of the system should be performed to better identify its vibrational characteristics. A frequency response function of the suspension system could be performed by inputting a sine dwell force into a lumped mass test structure suspended from the suspension system and measuring the resulting acceleration.
This would identify suspension system modes and might help locate the source of the 27 Hz mode which was so pervasive during testing. Methods for reduce the effect of this mode could include eliminating it mechanically, if possible, or utilizing a stop band filter for the controller
The current controller frequency is software limited to 150
Hz. With software upgrades the frequency can probably be raised to near 1000 Hz. Modifications are feasible which can reduce the bandwidth to near 1000 Hz. This would allow tests which examine changes in rigid body acceleration and test article modal response for various controller speeds and filter cutoff frequencies.
Further controller improvements include optimizing the PID gains. As mentioned, the optimum controller might include PID control. The primary goal of these refinements should be reducing the integration lag toward zero. Future tests should also directly measure the mass and stiffness that the suspension system adds to the test article.
Reducing the friction throughout the system would also improve system performance.
Less friction would reduce the breakaway force needed and consequently reduce integration lag. A full study could be conducted to determine the various sources of friction and methods to reduce it. Friction sources include the overhead pulleys, the bearings used in the cable guide, the bearings in the disk support shaft, and the servo motor and encoder.
The greatest amount of friction is due to the torsional spring. 
